ABSTRACT A systematic approach using Taguchi method is proposed for optimization of complementary metal oxide semiconductor microelectromechanical system surface acoustic wave (SAW) resonators. The aim of the present method is to enhance the performance of SAW devices in terms of electromechanical coupling coefficient while reducing the design and development cost. Controllable factors such as a number of transducers, N t , the distance between input and output transducers, L c , and the thickness of the piezoelectric materials, T c have been optimized. L 27 (3 13 ) orthogonal array was chosen to conduct 27 simulations with three level parameters. Time and cost efficient 2D finite element simulations were done using COMSOL Multiphysics TM for two-step analysis Eigen frequency and frequency domain analysis. The orthogonal array, signal to noise ratio, and analysis of variance (ANOVA) were calculated to determine the best settings of the design parameters. The maximum electromechanical coupling coefficient is achieved at the optimal condition of N t = 6; L c = 1.6 µm; T c = 2.5 µm with increased performance by 4.68% for κ 2 and 9.62% for G 12 (f ) compared to the initial conditions. The interaction between pairs of factors has also been investigated. The Taguchi method reveals that both N t and L c , and the interaction of N t × L c plays crucial roles in optimizing the electroacoustic conversion of the SAW devices. Hence, the experiment shows that the performance of the SAW device has been successfully optimized.
I. INTRODUCTION
Continuous advancement in micro-electro-mechanical systems (MEMS) and wireless technology has resulted in rapid development of miniature devices with multiple functionality in diverse applications. Surface acoustic wave (SAW) devices have been widely used because of its high sensitivities, reproducibility and rapid response [1] . Great efforts have been made to develop SAW devices such as filters for communications [2] , biosensors [3] for chemical sensors [4] , [5] and gas sensors [6] for environmental sensing applications [7] . Currently, the present SAW devices are composed of bulk piezoelectric materials such as Lithium Niobate [8] and
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quartz [9] , [10] due to low propagation loss. However, these materials restrict the integration with mature electronic circuitry and simultaneously impede the reduction of the size. As a solution, silicon-based SAW devices have been developed to implement complete integration into a single chip to enable reduction in both power consumption and size. Silicon compatible thin films such as Zinc Oxide (ZnO) and Aluminum Nitride (AlN) are ideal piezoelectric solutions for silicon-based SAW devices. Conventionally, the development of SAW devices is highly dependent on experimental 'trial and error' approaches which are time consuming. A number of optimum design techniques were proposed such as weighted interdigital transducer [12] , equivalent circuit modeling [13] , [14] , memetic algorithm [15] and coupling of modes analysis [16] . Most of the techniques were focused on the optimization of the IDT itself. Taguchi method is a powerful approach to optimize design performance. It ensures reproducibility of simulation results by determining the optimal combination of design parameters from a minimum number of experiments. Previously, Taguchi method has been used to define optimum combination of SAW design parameters that maximize the sensitivity of the sensor [11] . The critical performance parameters of SAW devices are phase velocity, electromechanical coupling coefficient and temperature coefficient. However, the evaluation of electromechanical coupling coefficient, κ 2 of the piezoelectric material was not considered in this paper. There are many variables that effect κ 2 , therefore it is also difficult to optimize all of them simultaneously. Therefore, the aim of this work is to couple both finite element simulation and Taguchi signal to noise ratio approach for optimization of SAW devices while minimizing its sensitivity to noise factors. The performance of the SAW devices was measured in terms of the electromechanical coupling coefficient, κ 2 and the transfer function between two ports of the SAW device, G 12 (f ). The chosen significant control factors are number of transducers, N t distance between input and output transducer, L c and thickness of piezoelectric material, T c . The interaction between pairs of factors also have been investigated. The rest of the paper is organized as follows. Section 2 gives the theory about piezoelectricity, acoustic wave theory, design structure and finite element simulation using COMSOL Multiphysics TM . Taguchi method for the optimization of SAW devices is described in Section 3. A detailed L 27 Taguchi signal to noise ratio is presented. The interaction factors and ANOVA analysis are presented in Section 4 to determine the percentage contribution for each of the design parameters. Finally, the conclusion is given in Section 5.
II. PIEZOELECTRICITY OF SAW DEVICES A. PIEZOELECTRIC THEORY AND EQUATION OF PROBLEMS
Piezoelectricity is the fundamental concept in SAW devices. It is derived from the Greek word ''piezo'' for pressure and electricity refers to the source of electric charge [17] , [18] . When stress is applied on the piezoelectric material, it induces an electric charge across the material. Conversely, inverse piezoelectric effect causes the structure to vibrate mechanically generating acoustic waves when voltage is applied. [17] . 
B. DESIGN STRUCTURE
A surface acoustic wave device consists of interdigitated electrodes (IDT) and piezoelectric material as the substrate as shown in Fig. 1 . When a sinusoidal electrical voltage excites at the input IDT, it launches acoustic waves that propagate through the piezoelectric material. The acoustic waves are transduced back into electrical signals when it reaches the output IDT. In this work, the periodic distance of the IDT, λ is 3.2 µm. The expected resonance frequency is 1.125 GHz based on v = f λ where v is the assumed acoustic wave velocity as shown in Table 1 . Non-ferroelectric piezoelectric material thin film material such as ZnO [14] , [20] and AlN [21] - [23] were chosen due to their silicon compatibility. Strong acoustoelectric interaction is defined by high electromechanical coupling coefficient, κ 2 of the piezoelectric material. The electromechanical coupling coefficient is determined based on relative separation between series and parallel resonance frequency as shown in (3) where f p is the parallel resonance frequency and f s is the series resonance frequency.
Fig . 2 shows the equivalent circuit modeling of SAW devices based on RLC circuit. The series resonant frequency, f s is determined from motional inductance, L x and capacitance, C x . While, the feedthrough capacitance, C f produces parallel resonance, f p . Equation (2.4) and (2.5) shows the FIGURE 2. Equivalent circuit modeling of two port SAW devices [14] .
transfer function G 12 (f ) for SAW devices based on equivalent circuit modeling [14] . There is a direct relationship between electromechanical coupling coefficient, κ 2 and number of transducers, N t where ε is the dielectric permittivity of piezoelectric material, f r is the resonance frequency, and W is the width of aperture of SAW devices. The chosen design parameter of L c is essential to determine the feedthrough capacitance, C f that is directly related to parallel resonance frequency as shown in (2.6) where t is the thickness of interdigitated electrodes.
C. FINITE ELEMENT MODELING OF SAW DEVICES
The resonance frequency of SAW devices can be defined as the frequency when the electromechanical system produces maximum vibration when an electrical input is excited at the input IDT [17] . A 2D finite element model simulated in COMSOL R is used to predict the resonance frequency and electromechanical coupling coefficient of the SAW devices. COMSOL R computes the resonant frequency of the SAW devices at equilibrium through computation of eigenvector and eigenvalues based on the applied boundary conditions. Fig. 3 shows the displacement map for SAW devices at three different mode deformations. Mode 1 at 1.0617 GHz is the mode of interest because it shows the maximum displacement. A frequency sweep was done in frequency domain analysis to verify the resonance frequency. The electromechanical coupling coefficient was calculated based on simulated series and parallel resonance frequency generated at frequency domain analysis.
III. TAGUCHI OPTIMIZATION OF SAW DEVICES A. TAGUCHI SIGNAL TO NOISE RATIO APPROACH FOR ROBUST DESIGN OF SAW DEVICES
Taguchi method intends to enhance the device performance and maintain its quality at the lowest possible cost. A simple and systematic approach for design optimization is offered by the Taguchi method in order to have a robust design. Two principle tools, namely signal to noise (S/N) ratio are used to assess the quality and orthogonal array (OA) table to place many design factors simultaneously [19] . The general procedure to implement Taguchi method for SAW devices is shown in Fig. 4 . 
B. CAUSE EFFECT FOR OPTIMUM DESIGN FOR SAW DEVICES
A robust design can be defined as a product whose performance is insignificantly sensitive to noise factors [11] . The aim of this work is to enhance the performance of SAW devices while reducing the design and development cost. The critical stage of Taguchi design is the selection of control factors and response to be evaluated. A critical response has been chosen to maximize the electromechanical coupling coefficient, κ 2 such that improves the acoustoelectric conversion Table 2 .
IV. RESULTS AND DISCUSSION

A. OPTIMIZATION OF CONTROL FACTORS
The aim of the simulation is to optimize the electromechanical coupling coefficient, κ 2 of the piezoelectric material for optimum electroacoustic conversion in surface acoustic wave devices. Finite element simulation was done using COMSOL to find the series and parallel resonance frequency. The value of κ 2 is calculated based on the simulated resonance frequency based on frequency domain analysis as shown in (2.3). Subsequently, equation (2.7) was applied to calculate the corresponding S/N ratio based on the larger the better characteristics. The calculated S/N ratio was inserted in MINITAB software to determine the optimum factor levels for the robust design of SAW devices. Fig. 5 shows the mean S/N ratio of larger the better characteristics for three main control factors at each level. A robust design is chosen by selecting the factor level that gives the maximum value of SNR according to the respective control factors. Therefore, it can be seen from Fig. 5 that the optimum factor level is N t0 L c0 T c1 which correspond to six transducer pairs (N t = 6), distance between input and output transducer of 1.6 µm (L c = 1.6µm), and piezoelectric material thickness of 2.5µm (T c = 2.5µm). The mean of average SN ratio is calculated based on each level of parameter as shown in Table 3 to evaluate the most significant factors. It was found that number of transducers, N t is the most crucial to enhance the κ 2 . This is because the value of κ 2 is related to N t as shown in (2.4) . This is also the case for L c which is distance between input and output transducer. L c is related to κ 2 via the feedthrough capacitance, C f as shown in (2.6). 
B. CONSIDERATION ON INTERACTION FACTORS
Interaction occurs when there is dependency on two different control factors. The sum of average S/N responses in N t × L c interaction are calculated for each level as shown in Table 4 . The highest S/N ratio is N t0 L c0 interaction. The interaction plot for each interaction and its optimal condition are shown in Fig. 6 to visualize possible interactions. Study of Fig. 6(a) shows that N t × L c interaction has higher difference in the slope line that leads to greater strength of interaction. It is because both design parameters have direct relationship with κ 2 and G 12 (f ) based on (2.4) to (2.6). Next, the analysis of variance (ANOVA) test was performed to assess the statistical significance of the individual design parameter and interaction.
C. ANOVA ANALYSIS
The aim of analysis of variance (ANOVA) is to investigate the significant factors on electromechanical coupling coefficient using statistical method. In order to confirm the main effects or the interaction effects that are crucial, the sum of square distance, mean of square, error of degree of freedoms and percentage contribution need to be calculated. ANOVA predicts that number of transducers N t has the strongest effect of 36.58%, followed by the distance between input and output transducers, L c (32.2%) as shown in Table 5 and Fig. 7 . Considering the interaction factors, it can be concluded that the interaction factors between N t and L c also gives significant impact to the response of electromechanical coupling coefficient by 14.46% compared to other interaction factors.
This result agrees with Fig 6(a) that N t × L c interaction has higher difference in the slope line that leads to greater strength of interaction. This is because both N t and L c are related to κ 2 as shown in (2.4) and (2.6). L c is related to κ 2 via the feedthrough capacitance, C f as shown in (2.6).
V. COMPARISON OF IMPROVEMENT AND DISCUSSION OF RESULT A. OPTIMIZATION OF CONTROL FACTORS
The ANOVA analysis agrees with the equivalent circuit modeling of SAW devices that was developed based on delta function and impulse response model as shown in Fig. 2 [16] . Based on equation (2.4) and (2.5), the value of κ 2 and transfer function between the two ports of the SAW devices, G 12 (f ) are highly dependent on N t . L c is one of the key design parameters to determine the feedthrough capacitance, C f as shown in (2.6). The feed through capacitance C f produces a parallel resonance frequency that directly affects the value of κ 2 as shown in (2.3). Therefore, N t , L c and interaction of N t ×L c have a major percentage contribution to the value of κ 2 and G 12 (f ) which enhances the performance of SAW devices.
To verify the optimum conditions, the performance of the SAW device is compared to the initial and optimal conditions. Apparently, the value of κ 2 and G 12 (f ) is increased to 4.68% and 9.62% respectively for optimal conditions compared to the original design as shown in Table 6 . Hence, the evidence shows that the performance characteristics of SAW devices have been successfully optimized.
B. MEASUREMENT RESULTS
In this work, the optimum structure comprises of a piezoelectric material, an input interdigitated electrodes (IDT), output VOLUME 7, 2019 interdigitated electrodes and reflectors is fabricated using 0.35µm CMOS process technology. Fig. 8 shows the top view of CMOS SAW resonator that has wavelength of 3.2 µm, L c = 1.6 µm and T c = 0.5 µm. Next, post CMOS fabrication was implemented to realize the CMOS SAW resonator as follows: ZnO piezoelectric thin film deposition, photolithography and wet etching [24] . S 21 measurement was carried out to measure series resonance frequency (f s ), parallel resonance frequency (f p ) and insertion loss. Measurement results revealed the resonance frequency of 1.4 GHz for ZnO CMOS SAW Resonator with λ = 3.2 µm as shown in Fig. 9 . The coupling coefficient for different thicknesses of ZnO were calculated and plotted based on measured series and parallel resonance frequency. As shown in Fig. 10 , measurement results indicate that the optimum coupling coefficient about 0.086% with respect to the normalized thickness is observed at h/λ = 0.10. As the normalized thickness is increased, the transverse coupling coefficient degrades. This can be attributed to the large compressive stress in the ZnO thin film as the thickness increases. Fig. 10 also shows the relationship between normalized thickness to the piezoelectric stress coefficient. Normalized thickness at h/λ = 0.10 exhibits maximum piezoelectric stress coefficient of 6.048 pm/V. This result is in agreement with optimum transverse coupling coefficient of 0.086% at the same normalized thickness. The piezoelectric stress coefficient decreases when the ZnO thin film thickness is further increased. This is due to efficiency of electroacoustic conversion being reduced to 0.063% at h/λ = 0.11.
VI. CONCLUSION
We presented in this work the integration of finite element simulation and Taguchi signal to noise ratio approach for the optimization of surface acoustic wave devices. The finite element simulation and developed Taguchi method have been validated to provide the design of robust SAW devices. Several important findings can be concluded. The number of transducers followed by the distance between input and output transducer are the most crucial design parameters to enhance the electroacoustic conversion for high performance of SAW devices. The maximum electromechanical coupling coefficient is achieved at the optimal condition of N t = 6; L c = 1.6µm; T c = 2.5µm with increased performance by 4.68% and 9.62% of the value of κ 2 and G 12 (f ) respectively compared to the initial conditions. The interaction factors between the number of transducers and distance between input and output transducers and thickness of piezoelectric material also need to be carefully considered to enhance the electroacoustic conversion of surface acoustic wave. The optimized design has been fabricated using 0.35µm CMOS technology followed by post CMOS fabrication. S 21 measurement was carried out to measure series resonance frequency (f s ), parallel resonance frequency (f p ) and insertion loss. Measurement results revealed resonance frequency of 1.4 GHz for the surface acoustic wave resonator. Measurement results also indicates that the optimum transverse coupling coefficient of 0.086% with respect to the normalized thickness is observed at h/λ = 0.10. An integrated CMOS oscillator for the SAW resonator was developed earlier and its implementation details is shown in [25] . Hence, this work shows the potential for complete integration of RF integrated circuits and SAW device to realize single chip wireless devices. , she decided to work on developing biosensors that will reduce the pain burden of chemotherapy on patients. Her most innovative product to date is a personalized cancer chemotherapeutics kit, which can both select the best chemotherapy drug for the patient as well as its optimum dosage. Her work has been published both locally and internationally in more than 100 papers in journals and proceedings locally and internationally. She currently holds two U.S. patents. Her research interest includes micro-electro-mechanical systems. She has also developed numerous micro-sized devices, such as resonators and energy harvesters. 
